The Fe-Pd ferromagnetic shape memory alloy is a multifunctional material. We investigated the behavior of the superelastic properties of rapidly solidified Fe-Xat%Pd (X ¼ 29:3, 29.6, 30.2 and 30.4) alloy ribbons to develop biomedical materials applicable to orthodontics and medical instrumentation. The appearance of a stress-induced martensite phase under the loading stress was confirmed by X-ray diffraction measurements. Stress-strain curves were drawn from results obtained using a tensile testing machine at temperature of 290 and 313 K. The FeXat%Pd (X ¼ 29:6, 30.2, 30.4) ribbons exhibited superelastic strain of 3.0-3.5%. Moreover, when these Fe-Pd alloy ribbons were treated in Hanks' solution for 150 days, they exhibited good biocorrosion resistance.
Introduction
Ti-Ni alloys exhibit excellent shape memory and superelasticity, and have the potential to be used in orthodontics and medical instrumentation. 1, 2) Since Ni is harmful to the human body, the development of Ni-free superelastic materials is urgently required. [3] [4] [5] Fe-Pd ferromagnetic shape memory alloy is a multifunctional material, which relates to the transformation from martensite phase (FCT) to austenite phase (FCC). 6) In previous studies, we showed that a rapidly solidified Fe-29.6 at%Pd alloy ribbon prepared by the melt-spun method has strong crystal anisotropy and a large magnetostriction of 1:0 Â 10 À3 with a good shape memory over a wide temperature range of 290 to 380 K. 7, 8) Furthermore, the Fe-Pd alloy exhibited a reversible two-way shape memory effect 9, 10) over a wide temperature range of 273 to 403 K. 11) However, there have been no reports on the superelasticity of Fe-Pd alloys.
In this study, to develop biomedical materials applicable to orthodontics and medical instrumentation, we investigated the behavior of the superelastic properties of rapidly solidified Fe-Pd ribbons. Biomedical alloys must have high corrosion resistance, a low Young's modulus and high superelasticity near 310 K. A superelastic strain of 3:0$3:5% and a transformation strain of 1:5$2:2% were observed for the Fe-Xat%Pd (X ¼ 29:6, 30.2 and 30.4) ribbons at 290 and 313 K.
Experimental Procedure
Ingots of Fe-Xat%Pd (X ¼ 29:3, 29.6, 30.2 and 30.4) alloy were prepared from electrolytic iron (99.98%) and palladium (99.998%) metals by arc-melting in an argon atmosphere. Ribbon samples were produced from the ingots using singleroll melt-spinning apparatus designed in our laboratory 7, 8) The samples were spun onto an iron wheel in an argon atmosphere using quartz nozzles of 1 and 5 mm. Some asspun samples were treated in Hanks' solution for 150 days to investigate their corrosion resistance. Other as-spun samples were annealed for 1, 3 or 5 h at 1173 K to remove internal stress induced by rapid solidification. The transformation temperature for each sample was measured by differential scanning calorimetry (DSC) at a heating or cooling speed of 3 K/min. The composition of the ribbons was determined using an electron probe microanalyzer. The structure of the ribbons was analyzed using X-ray diffraction (XRD). The stress-induced martensite phase was observed using XRD under stress loading up to 100 MPa and then unloading to 0 MPa. The stress-strain curves obtained from these ribbons with a length of 20 mm were plotted from results obtained using a tensile testing machine at 290 and 313 K. Heating of the sample was carried out by applying a DC electric current. Figure 1 shows a photograph of two ribbons prepared by rapid solidification, in which a narrow ribbon (sample A) was produced using 1 mm nozzle and another ribbon (sample B) was produced using a 5 mm nozzle. Sample B, which was 60 mm in thickness and 5.5 mm in width, was only used for (020) and (002) peaks for both ribbons decreased. However, the intensities of these peaks did not return completely to their original levels. From these results, it was found that the application of loading stress induces a martensite phase (M-phase) instead of an austenite phase (A-phase). As-spun Fe-30.2at%Pd
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FCT-FCC phase transformation
As-spun Fe-29.6at%Pd
As-spun Fe-29.3at%Pd Figure 6 shows the stress -strain " curves at 290 and 313 K for the as-spun Fe-29.6%Pd ribbons and that after annealing at 1173 K for 5 h, where loading and unloading are repeated using a tensile testing machine with 1% increases in strain. For the as-spun sample, recovery strain at 290 and 303 K is 2.6 and 3.2% at the applied strain of 5% as shown in Fig. 6(a) and (b) , where A f and M s are 294 and 291 K, respectively. For the annealed sample, a recovery strain of 3.5% is obtained at 290 K for an applied strain of 5% as shown in Fig. 6(c) , and the ribbon was broken by applying strain over 7%. The recovery strain of 3% obtained at 313 K from the annealed ribbon as shown in Fig. 6(d) , for which A f is 288 K, is due to superelasticity, that is, superelastic strain " SE . It Is considered that the value of recovery strain obtained at 290 K for the annealed sample is almost completely due to superelasticity. The Young's modulus E for each sample estimated from Á=Á", as shown in Fig. 6(a) , also is plotted in Fig. 5 . The Young's modulus E 290 at room temperature 290 K increases rapidly with Pd concentration. However, the values are much smaller than that of TiNi alloy. Figure 7 shows the stress-strain curves at 290 and 313 K for the as-spun Fe-30.4%Pd ribbon and that after annealing at 1117 K for 5 h. The M-phase is induced at loading stresses of over 300 and of 270 MPa for the as-spun and annealed samples as shown in Figs. 7(a) and 7(c) , respectively. The superelastic strain " SE of 3:2$3:4% for the annealed Fe-30.4%Pd ribbon is larger than the value of 2.6% for the asspun ribbon at an applied strain of 5%. From the results, it was found that local residual strain caused by rapid solidification prevents the stress-induced martensite phase transforming to an inverse phase. Moreover, the strains induced by applied strains of 3% in Fig. 7(c) (the 2th cycle is not drawn, here) and 4% in Fig. 7(d) are almost fully recovered. Next, we analyze the transformation strain " SIMT of the ribbons, which is the recovery strain due to the inverse phase transformation at 290 K for the stress-strain curve shown in Fig. 6(c) and for that at 313 K for the curve shown in Fig. 7(d) . Figure 8 shows " SE and " SIMT for each applied strain. " SE and " SIMT depend on the applied strain, that is, both strains increase with applied strain in the range of 1 to 3% and then reach 3:4$3:5% for " SE and 1:5$2:2% for " SIMT at an applied strain of 5%, respectively.
Stress-strain curves
Effect of Hanks' solution
Finally, we investigate the effect of Hanks' solution on the ribbon.
The DSC curves for Fe-29.6%Pd treated in Hanks' As compare with E 290 for as-spun ribbons, the former two changes slightly, on the other hand, the latter two decreases. Their origin is considered to be due to the fact that the residual stress in the as-spun ribbon is relaxed upon being treated in Hanks' solution for 150 days. Yield and Breaking stresses at 290 K or 323 K( Ã ) obtained from the stress-strain curves for the as-spun Fe-Pd ribbons and that treated in Hanks' solution are shown in Table 1 . The values of the yield and breaking stresses increase with Pd concentration. However, the difference of those value between for the as-spun Fe-Pd ribbons and that treated in Hanks' solution is a little except for Fe-29.3 at%Pd ribbon. The Fe-29.3 at%Pd ribbon treated in Hanks solution is not broken upon applied increasing strain up to 10%, that is, the ribbon is ductile.
From these results, it is seen that the ribbons exhibit good biocorrosion resistance.
Conclusions
We investigated the behavior of the superelastic properties of rapidly solidified Fe-Xat%Pd (X ¼ 29:3, 29.6, 30.2 and 30.4) alloy ribbons to develop biomedical materials applicable to orthodontics and medical instrumentation. The main conclusions are as follows.
(1) A stress-induced martensite phase was observed at a loading stress of over 40 MPa by XRD analysis. 
